New research characterizes a tubulin acetyltransferase that acts inside the microtubule lumen and has two separable activities that greatly affect microtubule architecture and functionality.
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Microtubules are covered with a myriad of post-translational modifications. Most of these modifications are located on the outer surface of microtubules where they have been proposed to function as molecular 'road signs' to regulate the activity of motors and proteins that remodel microtubules. The acetylation of lysine 40 (K40) of a-tubulin is an unusual mark that forms on the luminal side of microtubules [1] . Whether and how the luminal surface contributes to the function of microtubules is poorly understood. Cryoelectron microscopic studies detected large particles inside the microtubule lumen but their molecular identities remain unknown ( [2] and references cited within). It has been speculated that the luminal particles influence the lattice of microtubules or support intra-luminal transport. Thus, studies on the single known luminal post-translational modification could help to answer a long-standing question: why are microtubules hollow polymers?
Acetylation of K40 of a-tubulin was discovered in the axonemes of Chlamydomonas reinhardtii, and later found in lineages from protists to mammals [3, 4] . Within the cell, the acetyl-K40 marks are enriched on a subset of microtubules that resist depolymerizing treatments (such as cold or tubulin-depolymerizing drugs) and have a relatively long lifespan, suggesting that the modification makes microtubules more stable. However, multiple studies have found that manipulating the levels of tubulin acetylation in vivo has little or no effect on the dynamics of microtubules and artificial stabilization of microtubules leads to their increased acetylation (recently reviewed in [5] ). Thus, tubulin acetylation has been seen as simply a marker of stable microtubules. Interestingly, acetylated microtubules are preferred tracks for motor proteins and some motors showed increased binding affinity for acetylated microtubules in vitro, possibly because acetylation of K40 brings about a conformational change across the tubulin dimer that is detectable on the outer surface [5] . In two papers in this issue of Current Biology, the Chalfie and Goodman groups each report a set of surprising observations that revise our view of K40 acetylation as a marker of stable microtubules [6, 7] . These studies show that in the touch receptor neurons of Caenorhabditis elegans K40 acetylation is key to either the assembly or the stability of microtubules, as its absence shortens the length and alters the diameter of microtubules.
The K40 a-tubulin acetyltransferase, first partially purified from Chlamydomonas axonemes, transfers an acetate group from acetyl-CoA onto K40 to form an N-epsilon-acetyl-K40 [8] . In 2010, the catalytic subunit of a tubulin K40 acetyltransferase was identified as a homolog of C. elegans MEC-17, a protein distantly related to the histone acetyltransferases [9, 10] . MEC-17 is required for the proper response to gentle touch. In C. elegans, touch sensation involves the activity of sensory neurons whose neurite projections are located in the proximity of the animal cuticle and extend along the entire body of the animal. A cuticle deformation results in activation of a mechanosensory sodium channel formed by MEC-4 and MEC-10 proteins (reviewed in [11] ). The touch receptor neurons are filled with bundles of unusually wide microtubules composed of 15 protofilaments. Such microtubules are rare in other organisms, and microtubules in other cell types of C. elegans have 11 protofilaments (with the exception of cilia where the A-tubule of outer doublets has 13 protofilaments) [12] . The 15-protofilament microtubules are composed primarily of dimers of MEC-12 a-tubulin and MEC-7 b-tubulin, mutations in which abolish touch sensation [13, 14] . MEC-12 is the only a-tubulin of C. elegans that has the K40 residue, and its expression is restricted to the nervous system. Thus, the 15-protofilament microtubules of touch receptor neurons are highly enriched in acetylated a-tubulin [13] . The exact function of 15-protofilament microtubules and the role of their acetylation have been unclear. These microtubules serve as tracks for transport by motors [15] and therefore could contribute to the general health of touch receptor neurons. However, the wide diameter of these microtubules indicates a specialized role in mechanosensation. Worms with deletions of MEC-17 and its paralog ATAT-2 entirely lack acetyl-K40 a-tubulin and are touch-insensitive [9, 10] .
The two new reports from the Chalfie and Goodman laboratories [6, 7] uncover a fundamental role for MEC-17 in the microtubule architecture. Both groups use high-resolution transmission electron microscopy and find that, in animals lacking MEC-17, the touch receptor neurons have dramatically fewer and shorter microtubules. Strikingly, while in wild-type neurons most microtubules have 15 protofilaments, the microtubules present in mec-17 mutants have a highly variable number of protofilaments. Cueva et al. [7] show that mutant worms expressing a non-acetylatable MEC-12 a-tubulin with lysine 40 mutated to arginine also have excessively short and variable diameter microtubules [7] . Thus, MEC-17 most likely affects the microtubule architecture by acetylating K40 on a-tubulin. Based on molecular dynamics simulations, Cueva et al. [7] propose that K40 acetylation increases the cohesion between tubulin subunits within the microtubule lattice, by promoting the formation of a salt bridge across the adjacent tubulin dimers. Thus, with K40 acetylation in place, tubulin dimers within the lattice could stick to each other with increased force. A decrease in such cohesion caused by loss of K40 acetylation could destabilize the microtubule lattice and result in a failure to maintain microtubules of the correct diameter [7] . Interestingly, Topalidou et al. [6] show that, in live mec-17 mutants, neurite projections have prominent swellings that form when neurons are compressed by the body bends. Three-dimensional reconstructions showed that inside the swellings individual microtubules buckle, suggesting that non-acetylated microtubules have decreased rigidity [6] . These observations raise the possibility that tubulin acetylation affects the mechanical properties of microtubules. The new findings provide a dramatic shift in our understanding of K40 acetylation -rather than this modification being a marker of stable microtubules, it instead seems to have an active role in determining the organization and mechanical properties of microtubules (Figure 1) .
One piece of already published data did not fit with the proposed critical role of K40 acetylation in vivo. Two earlier papers had reported that worms expressing MEC-12 a-tubulin with the K40 residue mutated to either arginine or glutamine respond to touch almost as well as wild-type worms [9, 13] . One possibility is that redundant mechanisms exist in the absence of a modifiable K40. For example, MEC-17 might acetylate another lysine on tubulin. In mammalian cultured cells, a proteomic screen identified a total of 10 additional acetyl-lysines on a-and b-tubulin [16] . Also, K252 on b-tubulin is acetylated by another tubulin acetyltransferase, San, although this modification may inhibit microtubule assembly [17] . Topalidou et al. [6] now solve the MEC-17 and MEC-12 relationship puzzle by showing that worms that express a mutated MEC-17 lacking acetyltransferase activity have a normal touch response, despite the presence of highly abnormal microtubules [6] . This striking observation shows that touch response does not depend on the presence of uniform 15-protofilament microtubules. While the acetyltransferase activity of MEC-17 is critical for microtubule organization, MEC-17 must have a non-acetylation activity in the touch response pathway. Intriguingly, MEC-17 is not the first acetyltransferase to have a non-acetylation side job. In yeast, the distantly related Esa1p histone acetyltransferase is essential but the lethality resulting from its loss can be rescued by a mutant version of Esa1p that lacks acetyltransferase activity [18] .
Since the identification of MEC-17 as a K40 a-tubulin acetyltransferase, it has been expected that MEC-17 somehow enters the microtubule lumen to access K40, possibly through an uncapped microtubule end [9] , by copolymerization, or via transient microtubule lattice openings [10] . Strikingly, excellent tannic acid-stained electron micrographs presented by Topalidou et al. [6] reveal a dense material inside the wild-type 15-protofilament microtubules but largely missing in microtubules of mec-17 mutants [6] . The simplest explanation is that the density represents MEC-17 itself. In fact, the MEC-17 gene is highly expressed, suggesting that the protein product is very abundant [6] . MEC-17 could play a structural role possibly by binding to the luminal side of microtubules. Thus, MEC-17 could be the first luminal microtubule-associated protein. It can be speculated that MEC-17 changes some key properties of microtubules, possibly contributing to their rigidity. Stiff microtubules could be important for the transfer of force from the cuticle onto the plasma membrane of the touch receptor neuron that results in the conductance through the MEC-4-MEC-10 channel. A loss of another tubulin-modifying enzyme, TTLL1 glutamylase, decreases the bend angle of microtubules in the ciliary axoneme [19] . Thus, multiple tubulin modifications could affect the mechanical properties of microtubules. Alternatively, MEC-17 could play a role in the transduction of signals originating from microtubules. This hypothesis is supported by another surprising finding recently reported by the Chalfie group [20] , which revealed that, in the touch receptor neurons, the levels of gene expression are dependent on the status of polymerization of 15-protofilament microtubules. Restless legs syndrome is a common neurological disorder characterized by an urge to move the legs associated with uncomfortable sensations that occur or worsen with rest, are relieved by movements, and are worse in the evening [1] . Motor restlessness is evident when awake and periodic limb movements frequently occur during sleep, resulting in sleep fragmentation and non-restorative sleep. When the syndrome is mild it may be a mere nuisance, but when severe it can be life-altering, resulting in profound sleep disruption, impaired daytime functioning, a global decrease in quality of life and possibly increased cardiovascular disease risk [2] . The diagnosis is made by clinical symptoms and there is no definitive confirmatory testing available. Although clinical research has demonstrated that restless legs syndrome is associated with iron deficiency [3] and can be treated pharmacologically with dopamine agonists [4] , the underlying mechanisms are largely unknown and even localization of the primary pathology within the nervous system is uncertain. Population and family studies indicate that restless legs syndrome has a strong genetic component, so several groups have carried out genome-wide association studies to identify genes that confer susceptibility to restless legs syndrome [5] . These studies have successfully identified a number of genetic variants suspected to be involved in restless legs syndrome, including one named BTBD9 [6, 7] . While additional loci continue to be identified [8] , it has been difficult to demonstrate that these susceptibility genes are causative for restless legs syndrome. In this issue of Current Biology, Freeman et al. [9] report how they used the molecular genetic tools available in the model genetic organism Drosophila melanogaster to functionally characterize the fly homologue of BTBD9 (dBTBD9) as a causal factor in restless legs syndrome.
BTBD9 is a poorly characterized gene that accounts for approximately 50% of the population attributable risk for restless legs syndrome and is therefore an ideal candidate for functional analysis using Drosophila genetics. To begin, Freeman et al. [9] identified the fly homologue of BTBD9 and created two null mutations in the gene. When they examined sleep in these mutants, they found that both mutant alleles caused severely fragmented nighttime sleep and an increase in the amount of waking after sleep onset, as is seen in human patients with restless legs syndrome. Because sleep fragmentation is only one component of restless legs syndrome, the authors needed to evaluate aspects of movement that have face-validity with symptoms seen in human patients with restless legs syndrome. In humans, the diagnosis of restless legs syndrome is facilitated by the 'suggested immobilization test', in which periodic limb movements and leg discomfort are worsened when subjects are asked to sit in bed with their legs outstretched for an hour [10] . Intriguingly, when mutants in dBTBD9 were confined to a small space, to simulate the suggested immobilization
